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Abstract
Scalar singlet dark matter in anomaly-free composite Higgs models is accom-
panied by exotic particles to which the dark matter annihilates. The latter can
therefore freeze out even in the absence of couplings to the Standard Model. In
this regime, both current and future direct detection constraints can be avoided.
Moreover, due to the different decay modes of the extra particles, the dark mat-
ter candidate can even escape indirect detection constraints. Assessing this issue
requires dedicated simulations of the gamma ray spectrum, that we provide in the
present article in the context of SO(7)/SO(6). For the parameter space region that
evades constraints from dark matter experiments, we develop new analyses to be
performed at a future 100 TeV collider based on the search of the new particles
produced in the decay of heavy vector-like quarks.
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1 Introduction
Scalar dark matter (DM) in the context of composite Higgs models (CHM) [1–3] has
received important attention in the last years [4–23]. The reason is that both the Higgs
boson and the DM are composite pseudo Nambu-Goldstone bosons (pNGBs) of the same
new strongly interacting sector with global symmetry breaking pattern G/H at a scale f ∼
TeV. Therefore, not only their masses are protected against large radiative corrections,
but also their size is expected to be of the same order of magnitude, following the WIMP
paradigm: the evidence that a weakly interacting massive particle, whose abundance is
set by thermal freeze-out [24], can account for the whole relic abundance of DM.
From the model building perspective, CHMs can be also more predictive than ele-
mentary DM frameworks. In particular, the symmetries of the strong sector and the way
they are broken to generate the scalar potential constrain the number of free parameters
at low-energy. It has been shown [16] that, by forcing the explicit symmetry breaking
to preserve a Z2 symmetry, one can actually assure (i) the stability of DM even after
electroweak symmetry breaking (EWSB) and (ii) the smallness of the portal coupling to
the Higgs boson, as required from current DM constraints. Furthermore, the DM candi-
date can annihilate sufficiently, avoiding the overclose of the Universe. This is due to new
2
derivative interactions, that emerge after integrating the strong sector out, and which do
not appear in the elementary models.
The smallest coset giving a DM singlet scalar η on top of the Higgs doublet H is
SO(6)/SO(5) [25]. The corresponding DM phenomenology was first studied in Ref. [4].
Likewise, SO(5) × U(1)/SO(4) [26], despite being non-simple, has a similar spectrum.
In these minimal models, the symmetry stabilizing DM is assumed to be respected both
classically and at the quantum level; if only the first assumption is made, terms such as
ηBµνB
µν with B the U(1)Y field-strength tensor can arise, spoiling the DM stability. In
non-anomalous CHMs with DM, it is sufficient to assume that the stabilizing symmetry is
respected at the classical level; then it is automatically preserved at the quantum level as
well. All CHMs with DM satisfying this feature contain further scalar degrees of freedom
that modify the DM phenomenology. The smallest model relies on SO(7)/SO(6) [12,15,
21,27]. Other models with additional singlets include e.g. SO(8)/SO(7), SO(5)/SO(4)×
SU(2)/U(1), SU(6)/SO(6). These extra pNGBs have been assumed heavier than the
DM candidate in previous works. There are however no strong arguments in favor of this
assumption. Moreover, if a CHM with DM is to explain also other particle physics puzzles
like electroweak (EW) baryogenesis via a strong first-order EW phase transition [27], it
must actually contain new (scalar) degrees of freedom at or below the EW scale.
Relying on different well-motivated versions of O(7)/O(6), we will demonstrate that
the mass m of the extra pNGB can be naturally lighter than the DM mass mDM . There-
fore, the DM does not annihilate only into the SM particles (Higgs and gauge bosons
mostly, since other decays are suppressed by explicit symmetry breaking terms). Instead,
it annihilates also into the new scalar.
In this case, the corresponding amplitude scales with ∼ [λ − 4m2DM/f 2], where λ is
the portal coupling to the DM. The SM λ arises in the leading-order term of the radia-
tively induced potential. Therefore, naive power counting arguments [28, 29] tell us that
mDM ∼ g∗f/(4pi) with g∗ the typical strong coupling between composite resonances; while
λ ∼ g2∗/(4pi)2 ∼ m2DM/f 2, partially canceling each other in the annihilation cross section.
On the other hand, the λ of the new singlet arises often only at next-to-leading order in
the expansion of the Coleman-Weinberg potential on the symmetry breaking parameters,
its size being therefore ∼ 1/g2∗ smaller. Consequently, the new scalar can dominate the
DM annihilation. (In models with several new scalars, such as SO(N + 1)/SO(N) with
N  1, this result holds trivially irrespective of the aforementioned cancellation.) We
substantiate these arguments in sections 2 and 3.
As a corollary, the DM can freeze out even in the absence of couplings to the SM. We
show in section 4 that, in this case, the current very strong direct detection constraints
can be avoided. We also discuss the reach of future experiments to DM-nucleon cross
sections induced by loops involving the new scalars. Likewise, depending on how the new
scalar decays, the DM can even escape current and future indirect detection constraints.
We study these limits in section 5, performing dedicated simulations of the resulting
3
gamma ray spectrum, since the DM annihilation final state contains non-SM particles for
which the experimental collaborations do not provide bounds. We present for the first
time the upper bounds from Fermi-LAT on the annihilation cross section, for a fixed m,
that allows the pNGB DM to account for the whole relic abundance. The results can be
straightforwardly recast to other non-minimal cosets.
Finally, we develop new analyses aimed to unravel the pNGBs at colliders in section 6.
This discussion is significantly important in our work, since a wide region of the parameter
space is unconstrained by the DM searches. We study the non-minimality of the model
focusing on three decay channels of the extra singlet: γγ, bb and µ+µ−. We provide
prospects for a future pp collider, running at a center of mass energy (c.m.e.)
√
s = 100
TeV. We conclude in section 7.
2 Generic Lagrangian
The coset SO(7)/SO(6) delivers two pNGBs in addition to the Higgs fields, full singlets
of the SM gauge group, that we will denote by η (the DM) and κ, respectively. The coset
generators can be chosen to be:
Tmnij = −
i√
2
(δmi δ
n
j − δni δmj ) , m < n ∈ [1, 6] , (2.1)
Xm7ij = −
i√
2
(δmi δ
7
j − δ7i δmj ) , m ∈ [1, 6] . (2.2)
The operators X17 −X67 expand the coset space, while Tmn are unbroken. Without loss
of generality [25], the Goldstone matrix reads
U =

13×3
1− h2/(f 2 + Σ) −hη/(f 2 + Σ) −hκ/(f 2 + Σ) h/f
−hη/(f 2 + Σ) 1− η2/(f 2 + Σ) −ηκ/(f 2 + Σ) η/f
−hκ/(f 2 + Σ) −ηκ/(f 2 + Σ) 1− κ2/(f 2 + Σ) κ/f
−h/f −η/f −κ/f Σ/f 2
 , (2.3)
with Σ = f 2(1− h2/f 2 − η2/f 2 − κ2/f 2)1/2. In the unitary gauge and before EWSB, the
Lagrangian consists of a shift-symmetry preserving part described by the nonlinear sigma
model
L = −1
4
f 2Tr
[
(UT∂µU)X(U
T∂µU)X
]
+O(∂4) (2.4)
=
1
2
[
(∂µh)
2 + (∂µη)
2 + (∂µκ)
2
]
+
1
2f 2
[
(η∂µη)
2 + (κ∂µκ)
2 + (h∂µh)
2
]
+
1
f 2
[
(η∂µη)(h∂
µh+ κ∂µκ) + (κ∂µκ)(h∂
µh)
]
+O(1/f 4) ;
4
where the sub-index X stands for projection over the broken generators; and a shift-
symmetry breaking part involving both the Yukawa Lagrangian and the potential:
Lint = − yq√
2
qLqRh
[
1 + icκ
κ
f
− cη η
2
2f 2
+ ...
]
+ h.c.− V (η, κ, h) , (2.5)
where
V (η, κ, h) =
1
2
m2ηη
2 +
1
2
m2κκ
2 +
1
4
ληHη
2h2 +
1
4
ληκη
2κ2 +
1
4
λκHκ
2h2 + · · · (2.6)
The ellipsis stands for other terms not relevant for the DM phenomenology, including
the Higgs potential, VH = µ
2
Hh
2/2 + λHh
4/4. Equation 2.5 holds similarly for leptons.
The interactions with the fermions and the potential arise at tree level and one loop,
respectively, after integrating the strong sector out. Being shift-symmetry breaking, they
depend on the quantum numbers of the composite resonances the elementary fermions mix
with, according to the partial compositeness paradigm [30]. We will restrict to mixings
that preserve the DM stability η → −η, namely we will require that the parity trans-
formation Pη = diag(1, 1, 1, 1,−1, 1, 1) be a symmetry of the composite sector and not
spontaneously broken. Being this coset anomaly-free, Pη can indeed remain unbroken at
the quantum level. We will further require that the model parameters are not in tension
with experimental bounds on CP violation. The most general embeddings for the SM
fermions compatible with these assumptions give opposite CP-parities for η and κ: we
assume that η is a scalar and κ is a pseudoscalar, with cη,κ ∈ R in equation 2.5. We
will also assume that these couplings are family universal, in order to avoid bounds from
flavour changing neutral currents [25].
The smallest representations of SO(7) under which the composite resonances can
transform are 1, 7, 21 and 27. We will consider two cases, in which qL ⊕ tR mix with
operators in the 27 ⊕ 1 and 7 ⊕ 7, respectively. As we will discuss in the subsequent
sections, these cases can lead to the following values of the free parameters in equations
2.5 and 2.6:
RegI : ληH ∼ λH , ληκ  1, f ∼ mη√
λH
[
1 +
m2κ
2m2η
]1/2
; (2.7)
RegII : ληH  1, ληκ ∼ λH , f ∼ 1, 2.5, 3, 4 TeV , (2.8)
for mκ ≤ mη. In RegII, the benchmark values for f are those compatible with EW
precision constraints [31] and natural solutions to the hierarchy problem. (The Higgs
mass fine-tuning scales approximately as ∼ m2H/f 2 [32] which is already . 10−3 for f > 4
TeV.)
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2.1 Regime I
The most general embedding of qL in the representation 27 compatible with Pη can be
described by the spurion
QL = bLΛ
b + tLΛ
t =
1√
2
 05×5 γv1T v2Tγv1 0 0
v2 0 0
 , (2.9)
with v1 = (bL,−ibL, tL, itL, 0), v2 = (ibL, bL, itL,−tL, 0) and γ ≥ 0. For γ = 0, the
singlet κ becomes also stable. In this case, (η, κ) transforms as a complex scalar under a
SO(2) ∼= U(1) that belongs to the unbroken SO(6) symmetry group. The corresponding
phenomenology was studied in Ref. [15]. For γ = 1, κ becomes massless; its shift symmetry
remains unbroken. These values are therefore stable under radiative corrections and hence
technically natural.
The leading-order scalar potential depends only on two unknowns, parameterizing the
two non-redundant invariants that can be built out of Λb,t:
V = c1
[ (
Λ1∗D
)α (
Λ1D
)
α
]
+ c2
[ (
Λ6∗D
)α
i
(
Λ6D
)i
α
]
(2.10)
= 2c1
[
f 2h2 − h4 − h2η2 − (1− γ2)h2κ2
]
+ 4c2
[
1
4
f 2(γ2 − 7)h2 + h4 − f 2η2 − (1− γ2)f 2κ2 + h2η2 + (1− γ2)h2κ2
]
,
where (ΛαD)
1,6 are the projections of U †ΛαU into the singlet and the sextuplet in the
decomposition 27 = 1⊕6⊕20, respectively. Here, α = b, t whereas the index i runs over
the generators transforming in the 6 representation of SO(6).
Trading c1 and c2 by the Higgs quadratic term µH and its quartic coupling λH , we
obtain
V =
µ2H
2
h2 +
λH
4
h4 +
[
λHf
2 + 2µ2H
3− γ2
]
η2 +
1
4
λHη
2h2 (2.11)
+
[
(λHf
2 + 2µ2H)(γ
2 − 1)
γ2 − 3
]
κ2 +
1
4
λH(1− γ2)h2κ2 ,
Therefore, mκ ≤ mη for all values of γ ∈ [0, 1].
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On another front, the Yukawa Lagrangian to dimension 6 reads:
LY = yfqαL (Λ
α
D)
†
77 tR + h.c. (2.12)
= −yq h√
2
tLtR
[√
1− h
2
f 2
− η
2
f 2
− κ
2
f 2
+ iγ
κ
f
]
+ h.c.
= −yq h√
2
tLtR
[
1 + iγ
κ
f
− η
2 + κ2 + h2
2f 2
]
+O
(
1
f 4
)
+ h.c. ,
which matches equation 2.5 with cη = 1 and cκ = γ.
For γ ∈ R and 〈η〉 = 〈κ〉 = 0, both h and η can be defined as CP-even scalars, while κ
is CP-odd, as can be inferred from their couplings to fermions. For 1 < γ <
√
3, we can
also have 〈κ〉 6= 0, leading to spontaneous CP violation. Since this is very constrained
experimentally [33], in the following we only consider γ-values that satisfy 〈κ〉 = 0. On
the other hand, for γ >
√
3, η can gain a vacuum expectation value (VEV) and the DM
becomes unstable. Requiring that both CP and Pη are not broken spontaneously therefore
assures that the aforementioned hierarchy, mκ ≤ mη, is always respected. This supports
our case of study, showing that the traditional assumption that DM is the lightest pNGB
in the non-minimal spectrum is not necessarily true.
If we further express the potential in terms of mκ and mη, we obtain finally:
V =
µ2H
2
h2 +
λH
4
h4 +
1
2
m2ηη
2 +
1
4
λHη
2h2 +
1
2
m2κκ
2 +
1
4
λH
(
mκ
mη
)2
h2κ2 , (2.13)
that matches equation 2.7.
2.2 Regime II
The SM qL and tR can be instead both embedded in the fundamental representation 7 of
SO(7). The embeddings read as follows:
TR = (0, 0, 0, 0, 0, iγtR, tR) and QL =
1√
2
(−ibL, bL, itL, tL, 0, 0, 0) . (2.14)
Under SO(6), 7 = 1⊕6; therefore, only one independent invariant can be built at leading
order for each field. The leading-order potential reads:
V = c1
[ (
Λ1∗D,R
) (
Λ1D,R
) ]
+ c2
[ (
Λ1∗D,L
)α (
Λ1D,L
)α ]
(2.15)
= c1
[
h2f 2 + η2f 2 + κ2
(
1− γ2) f 2]+ c2
2
h2f 2 .
7
One sees clearly that next-to-leading order terms are mandatory to account for EWSB.
There are eight non-redundant invariants that we can build (including the ones already
defined in equation 2.15):
I1 ≡
[ (
Λ1∗D,R
) (
Λ1D,R
) ]
= f 2
[
f 2 − h2 − η2 − κ2 (1− γ2) ]
I2 ≡
[ (
Λ1∗D,L
)α (
Λ1D,L
)α ]
=
1
2
h2f 2 ;
I3 ≡
[ (
Λ1∗D,R
) (
Λ1D,R
) ]2
=
[
h2 + κ2
(
1− γ2)+ η2 − f 2]2 ;
I4 ≡
[ (
Λ6∗D,R
)i (
Λ6D,R
)
i
]2
=
[
h2 + κ2
(
1− γ2)+ η2 + γ2f 2]2 ;
I5 ≡
[ (
Λ1∗D,L
)α (
Λ1D,L
)
α
]2
=
1
4
h4 ;
I6 ≡
[ (
Λ6∗D,L
)α
i
(
Λ6D,L
)i
α
]2
=
1
4
(
h2 − 4f 2)2 ;
I7 ≡
(
Λ1∗D,R
) (
Λ1D,R
) (
Λ1∗D,L
)α (
Λ1D,L
)
α
=
1
2
h2
[
f 2 − h2 − η2 − κ2 (1− γ2) ] ;
I8 ≡
(
Λ6∗D,R
)i (
Λ6D,R
)
i
(
Λ1∗D,L
)α (
Λ1D,L
)
α
=
1
2
h2
[
h2 + η2 + κ2
(
1− γ2)+ γ2f 2] .
It is clear from the form of I1−I8 that the naive counting of nine operators constructed out
of {h2, η2, κ2} is reduced to only five, by combining {h2, η2+(1−γ2)κ2}. The corresponding
five coefficients plus γ can be traded by the Higgs mass and quartic coupling, the two
scalar masses and the two quartic couplings. After this replacement, we finally obtain:
V =
µ2H
2
h2 +
λH
4
h4 +
1
2
m2ηη
2 +
1
8
ληκ
(
mη
mκ
)2
η4 +
1
2
m2κκ
2 +
1
8
ληκ
(
mκ
mη
)2
κ4 (2.16)
+
1
4
ληHη
2h2 +
1
4
ληκη
2κ2 +
1
4
ληH
(
mκ
mη
)2
κ2h2 .
Based on this construction, we conclude that the DM couplings to the singlet and to
the Higgs boson can be chosen independently. These two portal couplings are unknown
and generated at the same order, in contrast to what was obtained in the previous sub-
section. In order to study a complementary phenomenology to that of RegI, we assume
ληH < ληκ ∼ λH . Moreover, we explore the limiting case of ληH → 0 1 , in order to mini-
1The suppression ληH . 0.1ληκ, with ληκ ∼ λH can be achieved as a result of 1% level of tuning in the
model parameters. (We do a numerical scan varying all the relevant UV constants, uniformly distributed,
in [0.1c, 10c] where c ∼ 0.1λH in order to reproduce the Higgs quartic coupling). This (minimal) tuning
is comparable to the Higgs mass tuning required to have v2  f2 in the radiatively induced potential;
similar values were obtained in Ref. [12].
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Figure 1: In the region enclosed by the solid green line, DM is overabundant if it is a
thermal relic. The dotted and dashed black lines correspond to an annihilation fraction
into κκ equal to 0.2 and 0.3, respectively. The area enclosed by the solid gray line is
theoretically forbidden. The upper left panel and the upper right, bottom left and bottom
right panels stand for Reg I and Reg II with f = 2.5, 3 and 4 TeV, respectively. The DM
portal couplings (ληH , ληκ) are set to (λH , 0) and (0, λH), in RegI and RegII, respectively.
In both regimes, we use cη = 1. In RegI, the slashed area is excluded by EWPD [31].
mize constraints from direct detection experiments and explore whether indirect detection
constraints can be sensitive to this regime.
On the other hand, the Yukawa Lagrangian, LY = yffqαL
(
Λ1∗D,L
)α (
Λ1D,R
)
tR + h.c.,
gives the same result as equation 2.12. Despite being less predictive than the previous
scenario, this regime also yields the condition mκ ≤ mη in the parameter space compatible
with our assumptions; see equation 2.15.
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3 Relic density
The DM annihilation cross section into Higgses in the limit of small DM velocity ω reads
σω(ηη → hh) ' 1
64pim2η
[
ληH −
4m2η
f 2
]2[
1− m
2
h
m2η
]1/2
, (3.1)
and similarly for the EW gauge bosons by virtue of the Goldstone equivalence theorem
for mη  v, with v ∼ 246 GeV denoting the Higgs VEV; and likewise for ηη → κκ
upon the replacements mh, ληH → mκ, ληκ. One easily notes that, in RegI, there is a
partial cancellation between the portal coupling to the Higgs boson and the term orig-
inating from the derivative interactions, in the first bracket of equation 3.1. The extra
scalar can therefore dominate the DM annihilation. In Reg II, this cancellation occurs
instead in σω (ηη → κκ). After EWSB, the Higgs coupling to the DM is parameterized
by
(
ληH − 4m2η/f 2
)
v; consequently, the cancellation behavior also occurs in the s-channel
annihilation into the SM (or κκ).
To clarify further this point, we determine the region of the plane (mη,mκ) for which
the relic density Ωh2 is above the measured value Ωh2obs ∼ 0.12 [34]. To this aim, we use
micrOmegas [35] with a CalcHEP [36] model obtained by means of Feynrules [37]. The
corresponding area is enclosed by the solid green line in figure 1 for Reg I and for Reg II
with f = 2.5, 3, 4 TeV (the parameter space for f = 1 TeV is unconstrained). Contour
lines of constant annihilation fraction into κκ are also plotted. In RegI, the slashed gray
area corresponds to values of f excluded by EW precision data (EWPD).
Let us first focus on the case of RegII and analyze the results for f = 2.5 TeV. It is
clear that the behavior of the relic density can be described in three regions of increasing
mη: (i) For m
2
η/f
2  1, the annihilation cross section into κ grows quadratically with
ληκ ∼ λH ∼ 0.1; it is still large enough for Ωh2 < Ωh2obs. (ii) Eventually, m2η/f 2 ∼ ληκ,
leading to destructive interference between the two terms in equation 3.1; therefore, DM
becomes overabundant. (iii) When m2η/f
2 is large enough, the derivative term dominates
the dynamics and the DM abundance decreases once again. In the transition from (ii) to
(iii), the observed relic abundance is attained quite independently from mκ. For a given
f , the value for mη at which this transition takes place matches the one from Eq. (12) in
Ref. [15].
This picture is modified in RegI where f ∝ mη/
√
λH (see equation 2.7) and, therefore,
the derivative interactions are already significant for small DM masses. Concretely:
σ(ηη → hh) ∝ λ
2
H
m2η
1− 4
1 + m
2
κ
2m2η
2 , σ(ηη → κκ) ∝ λ2H
m2η
 4
1 + m
2
κ
2m2η
2 . (3.2)
Therefore, increasing mκ while keeping mη fixed (i.e. increasing f), the effective couplings
become smaller and η becomes overabundant. Increasing mη instead, while keeping mκ
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Figure 2: Contributions to the operator η2qq at low energies from the contact interaction
(left), from the exchange of a Higgs boson in t-channel (center) and from a loop of κ
(right).
fixed, makes the effective couplings larger; however, as the cross sections scale with m−2η ,
this will eventually lead to overabundance as well.
Let us note that the requirement Ωh2 = Ωh2obs establishes a relation between mη and
mκ, effectively removing one free parameter. (This conclusion fails obviously if the DM is
non-thermal; we will also consider this case in next sections.) In RegI, the corresponding
relation reads approximately
mκ (mη) ≈
[− 5461.99 + 21.002 (mη/GeV)− 2.6313× 10−2 (mη/GeV)2
+ 1.4988× 10−5 (mη/GeV)3 − 3.3382× 10−9 (mη/GeV)4
]
GeV, (3.3)
for mη ∈ [∼ 800, 1500] GeV.
Furthermore, in RegI, the relic density constraint sets a bound on 2.8 . f . 3.3
TeV. This contrasts with CHMs without DM, for which this upper bound relies only on
fine-tuning arguments, rather than on actual observables.
4 Direct detection
Direct detection experiments such as XENON1T [38] or the future LZ [39] search for
signs of DM in the recoils of atomic nucleus when scattered off by DM particles. These
are Earth-based ultra-sensitive experiments with low backgrounds and have set some of
the strongest bounds on WIMPs. Both XENON1T and LZ use liquid xenon as a target
for direct detection, which is very efficient in converting the low energy from nuclear
recoils into observable signals (scintillation and ionization) and highly sensitive to the
spin-independent (SI) DM interactions due to its large mass number.
Explicitly, the SI elastic scattering cross section of η on a nucleus reads:
σSI =
1
pi
(
mηmn
mη +mn
)2
[Zfp + (A− Z) fn]2
A2
, (4.1)
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Figure 3: Spin independent cross section for the elastic scattering of DM off nuclei as a
function of its mass. In the orange area, mκ is a function of the DM mass to fit Ωobsh
2;
see the text for more details. Outside the orange region, it is assumed that all DM is
made of only η. The solid red and dashed curves are for the XENON1T and LZ exclusion
limits, respectively. The black dashed and dotted lines stand for the scalar mediated and
contact interaction contributions in each regime; whereas the blue line represents the sum
of all contributions. In the upper left panel, the parameters of the model are those of RegI.
In the upper right, bottom left and bottom right panels, we represent the results for RegII
with f = 1, 2.5 and 4 TeV.
where mn ∼ 1 GeV is the neutron mass; Z and A − Z are the numbers of protons and
neutrons in the nucleus, respectively; and the form factors are defined as [4]:
fn,p =
∑
q=u,d,s
f
(n,p)
Tq
aq
mn,p
mq
+
2
27
f
(n,p)
TG
∑
q=c,b,t
aq
mn,p
mq
. (4.2)
The matrix elements fTq parametrize the quark content of the nucleon. We consider those
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from Ref. [4]. The second term in equation 4.2 refers to the coupling of DM to the gluons
in the nucleus, through a loop of heavy quarks, and is given by fTG = 1 −
∑
q=u,d,s fTq .
Finally, aq stands for the coefficient of the effective operator mqη
2qq at low energies. In
the scenario under consideration, the latter receives tree level contributions from cη and
ληH ; see the left and center diagrams in figure 2. If they vanish, loops of κ provide the
dominant contribution to aq. All together, we obtain
2:
aq =
mq
mη
[
cη
2f 2
+
ληH
2m2h
+
ληκc
2
κ
32pi2
(
mq
mκf
)2 ]
. (4.3)
In figure 3, we represent each contribution from equation 4.3 to the SI scattering cross
section, as a function of the DM mass. For each black line, only one coupling is given a
non-zero value; we work with cη,κ = 1 and λ = λH , as defined in each regime of equations
2.7 and 2.8. The total SI cross section is plotted in blue, while the current and strongest
bounds from XENON1T are represented in the red solid line (we use the results from [40]
and [38] to constrain masses up to and above 1 TeV, respectively). The projected bounds
from the LZ experiment are also represented by the red dashed line. In the orange region,
we use the relation mκ(mη) obtained in the fit of section 3, to study the scenario where η
is all the observed DM in the Universe. To probe the non-minimal setup, we fix mκ = 10
GeV outside this region.
Note that, while RegI is partially excluded by XENON1T, RegII leads to theoretical
cross sections which are typically two (four) orders of magnitude below the LZ projected
limit for a non-zero (zero) coupling to fermions. Moreover, in the region where Ωh2 =
Ωobsh
2 (for f > 1 TeV), the cross section is much more suppressed. This regime therefore
evades all direct detection constraints, both current and future.
5 Indirect detection
To obtain the constraints from indirect detection, we resort to MadDm v3 [41], in which
we can compute the spectra resulting from DM annihilating into an arbitrary number
of exotic final states. The simulation proceeds in three steps: (i) the annihilation cross
section is computed at parton level with MadGraph v5 [42]; (ii) the decay, showering and
hadronization of the final state particles is performed by Pythia v8 [43]; (iii) the output
of the generation is the energy spectrum dN/dE of a given stable particle species.
Examples of the gamma ray spectra produced in different DM annihilation channels are
provided in figure 4. The main effect of having exotic particles in the final state, compared
to annihilation into the SM only, is that the spectrum is shifted to the left due to the larger
2In order to compute the loop contribution to the scattering cross section, we make use of the approxi-
mation that mκ is the largest scale involved in the low-energy nuclear interaction; in particular, m
2
κ  t2,
where t stands for the Mandelstam variable.
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Figure 4: Energy spectra dN/dlogx (with x = Eγ/mη and Eγ the kinetic energy of the
final state photons) of gamma rays at the production point. The blue line corresponds to
the DM annihilation into SM bosons, W+W− + ZZ + hh. The other curves stand for
the annihilation into κκ, each labeling different decay modes of this extra scalar. (The
gamma-ray spectrum from κ→ e+e− is very similar to that of κ→ µ+µ−.) These spectra
were computed for a benchmark point defined by mη = 2mκ in the region where the DM
thermal abundance equals the observed value; see equation 3.3. The left panel refers to
RegI (mη ∼ 1.3 TeV); while the right panel is obtained for RegII with f = 2.5 TeV
(mη ∼ 180 GeV).
multiplicity of SM particles in the final state. To obtain indirect detection constraints,
MadDm v3 includes the Fermi-LAT likelihoods [44] for gamma rays from dwarf spheroidal
galaxies. These Milky Way satellite galaxies are the most reliable sources for indirect
detection due to their proximity, large DM density and the fact that they are supposedly
free from other gamma-ray emission. In contrast, the galactic center (GC), in spite of
being the brightest DM source in the sky, has also bright astrophysical backgrounds with
large uncertainties. For this reason, we will not consider experiments looking towards the
GC, such as H.E.S.S. [45] which provides more constraining bounds for masses around the
TeV. (Moreover, different assumptions on the DM density profile can lead to discrepancies
of an order of magnitude in the results of these experiments [46, 47].)
The Fermi-LAT collaboration performed a combined analysis for 45 stellar systems
among which 28 confirmed DM–dominated dwarfs (Pass 8 data), with a sensitivity to
gamma rays with energy in the window between 500 MeV to 500 GeV [44]. Although
specific targets showed some excesses of signal over background, the combined analysis
revealed no significant global excess and therefore strong bounds were set on the expected
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Figure 5: Fermi-LAT exclusion limits in the plane (mη, 〈σv〉). The solid blue line stands
for ηη → hh + WW + ZZ, corresponding to the SM annihilation channel in the limit of
large DM masses. In the orange area, mκ is a function of the DM mass to fit Ωobsh
2.
The dashed and dotted curves correspond to the annihilation into the new scalar, each for
a specific SM final state. The results for RegI and RegII (f = 2.5 TeV) are shown in the
left and right panels, respectively.
gamma ray flux from DM annihilation:
Φ (∆Ω, Emin, Emax) ∝ 〈σv〉
m2η
∫ Emax
Emin
dNγ
dEγ
dEγ ×
∫
∆Ω
∫
l.o.s.
ρ2DM(~r(l))dldΩ , (5.1)
where 〈σv〉 is the velocity averaged DM annihilation cross section and Nγ (Eγ) is the
number (kinetic energy) of prompt photons in the final state. The second term in this
equation is the so-called J -factor, a geometric function that depends on the integration of
the DM density over the solid angle (∆Ω) and the line of sight (l.o.s.). These astrophysical
factors are provided by the collaboration and adopted from Ref. [48]. From this formula,
we are able to confront the particle physics model with the gamma ray flux observed by
the experiment, in order to set bounds on the cross section for a given DM mass. The
results of the simulation are plotted in figure 5, for the different regimes. We have set
mκ = mη and mκ = 20 GeV outside the orange region, for RegI and RegII (f = 2.5 GeV),
respectively.
For comparison, we consider the bosonic SM channel, since the DM annihilation to
fermions is suppressed by m2f/(few m
2
η), where mf is the fermion mass. As sustained
in previous sections, a large fraction of DM annihilates into κκ. In this case, the Fermi
bounds for leptonic decays (especially final states with electrons and muons) are much
weaker than those for the hadronically decaying scalar and the SM hh,WW,ZZ channels.
This can be explained because quark hadronization produces a large number of neutral
pions, which then decay into low-energy gamma rays (with a branching ratio of ∼ 99%)
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[49] making the gamma spectrum much larger.
Although we do not show it explicitly, we remark that the new Fermi bounds are at
most an order of magnitude apart from those corresponding to the annihilation into the
SM only, i.e. ηη → κκ, κ→ ψψ versus ηη → ψψ. The main discrepancy arises in leptonic
channels, mainly muons, whose photon spectrum originates mainly from final state radi-
ation and becomes very flat; see figure 4. Therefore, the inclusion of an intermediate step
smooths out the spectrum leading to significant modifications. On one side, the fact that
the spectrum peaks at lower x = Eγ/mη leads to a larger number of low-energy photons.
Some of these photons may lie outside the Fermi window or in low-energies bins, where
the backgrounds are generally larger, weakening the bounds. On the other side, for large
DM masses, the intermediate step might rather strengthen the constraints by moving the
spectrum that is above the 500 GeV threshold back to the Fermi window [50].
If a thermal η explains the totality of the DM abundance, it must have an annihila-
tion rate of the order of 〈σv〉 ∼ 3 × 10−26cm3 s−1. This cross section is unconstrained
by the Fermi data in both regimes. Next-generation Cherenkov telescopes, with an im-
proved capability to discriminate the GC radiation components, such as CTA [51] might
strengthen the Fermi bound by one-to-two orders of magnitude [47]. (Future wide field-
of-view gamma-ray observatories might provide competitive bounds [52]; interestingly,
they can be less sensitive to the DM profile in the GC.) In this case, both the SM and
κ→ qq channels could be excluded under the first assumption, while κ→ `+`− (` = e, µ)
remains viable. Current constraints from the AMS-02 [53] antiproton spectra are poten-
tially powerful for final states with electrons and muons; however, the size of systematic
uncertainties is still debatable [15]. A conservative analysis including these bounds, in
the context of DM annihilating directly to SM particles, show that indeed muons are the
least constrained among all visible annihilation products [54]. Moreover, the correspond-
ing bounds are less sensitive to the mass of the intermediate state than other leptonic
bounds [50].
We finally remark that, while within our CHM there is generally no freedom for cη in
equation 2.5, cκ can be chosen independently. In general, quarks and leptons can have
different embeddings, with γq 6= γ` in equation 2.12, because they couple to different
operators of the composite sector. The exotic scalar can therefore be naturally leptophilic
provided that γq = 0 in this equation (i.e. provided that the quark sector respects a
κ → −κ symmetry); see Ref. [55] for the case of a muonphilic singlet. The challenge for
probing this scenario with indirect detection searches would be extremely hard. Other
searches, such as collider analyses, are instead mandatory.
Assuming instead that κ couples to all fermions, we plot in figure 6 all the DM con-
straints for each regime. The green region is excluded by the relic density; while the
red and yellow regions are excluded by the current direct and indirect searches, respec-
tively. The projected sensitivity for the LZ experiment excludes the light red region.
The panels on the left concern the case of thermal DM: we assume that η is produced
16
200 400 600 800 1000 1200 1400
mη [GeV]
200
400
600
800
1000
1200
1400
m
κ
[G
eV
]
Excluded by DD
LZ prospects
Excluded by ID
200 400 600 800 1000 1200 1400
mη [GeV]
200
400
600
800
1000
1200
1400
m
κ
[G
eV
]
Excluded by DD
LZ prospects
Excluded by ID
200 400 600 800 1000 1200
mη [GeV]
200
400
600
800
1000
1200
m
κ
[G
eV
]
Excluded by DD
LZ prospects
Excluded by ID
200 400 600 800 1000 1200
mη [GeV]
200
400
600
800
1000
1200
m
κ
[G
eV
]
Excluded by DD
LZ prospects
Excluded by ID
Figure 6: Combination of different DM constraints, for cη = cκ = 1. The green region
is excluded by the relic density. The red and yellow regions are excluded by direct and
indirect detection, respectively; finally, the red light region is expected to be probed by LZ.
In the slashed region, f is excluded by EWPD. The upper left (right) panel corresponds to
the thermal (non-thermal) scenario in RegI. The same holds for the bottom left and right
panels in RegII, for f = 1 TeV.
solely via the freeze-out mechanism within a standard cosmology. In the case that η is
under-abundant, we account for the possibility that the missing fraction of DM originates
from other species. Therefore, the fluxes for direct and indirect detection are rescaled
by r = (Ωh2) / (Ωobsh
2) and r2, respectively. In the right panels, on the other hand, we
consider that η makes up all DM: regardless of the thermal abundance, points (mη,mκ)
outside the green region can match the observed relic density if additional contributions
from non-thermal production are taken into account; see Ref. [56] for an example. No
rescaling is therefore applied. As it can be seen, the non-thermal scenario in RegII with
f = 1 TeV is excluded by indirect detection. In contrast, RegII with thermal DM escapes
all constraints. (Considering larger new physics scales, the model is further constrained
by the relic density; however, wide regions of the parameter space remain viable for f < 4
17
TeV.)
In such regime, neither direct nor indirect DM searches could be sensitive to these
models in the near future. Together with the leptophilic scenario, this shows clearly the
necessity for collider analyses. We propose some of these in the next section.
6 Collider signals
The DM and the extra scalar are hard to produce directly in pp collisions, as they are
singlets of the gauge group. They can, however, be produced in the decay of heavier
composite resonances. The observation of such decay chains is also required to establish
the composite nature of the model.
Among the fermionic resonances, we find bottom (B) and top (T ) vector-like part-
ners. They are of special interest because they are required by partial compositeness,
L ∼ λtRfqLOtR + λtLftROtL + λbRfqLObR + λbLfbRObL + h.c. [57]. We have included two
different operators mixing with the left-handed quarks, as it is in general required to
generate both the top and bottom yukawa couplings. Moreover, we consider an extended
global symmetry, SO(7) × U(1)X , where the latter is assumed to be unbroken. This is
necessary to obtain the correct quantum numbers of the SM quarks. As usual, the hyper-
charge is defined along the third SU(2)R generator T
3
R ≡ (T 12 − T 34) /
√
2 and the newly
introduced U(1)X generator, Y = T
3
R +X.
The bottom and top partners can be arranged in multiplets of the unbroken group
SO(6); the lightest of which having a mass M ∼ f . In general, this can be either a singlet
or a sextuplet. Let us focus on the case where qL and tR are embedded, respectively, in
the 27 and 1 representations (the lightest VLQ could be also the 20 in the decomposition
27 = 1⊕ 6⊕ 20, but we will disregard this case).
The relevant phenomenology of the top partner singlet of SO(6), T 1, is determined
from the linear coupling:
L1 = · · ·+ fU i7U j7
(
Q27L
)
ij
T 1R + h.c.
=
[
...− htL − iγ v
f
κtL
]
TR + h.c. . (6.1)
Analogously, the relevant couplings of the top partner in the sexplet, T 6, read:
L6 = · · ·+ fU i7U jk
(
Q27L
)
ij
(
T 6R
)k
+ h.c.
=
3
4
v
f
ηtLT
′
R +
[
3
4
v
f
κtL − iγ 1
2
htL
]
T ′′R + h.c. , (6.2)
where T ′ and T ′′ are the two singlets in the decomposition of the 6 = 4 ⊕ 1 ⊕ 1 under
SO(4). While the top sector composite operators transform in the 272/3 representation
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of SO(7) × U(1)X , the ones coupling to the bottom quark transform in the 27−1/3. In
the latter case, the embedding of qL is obtained from equation 2.9 with the replacements
ibL → itL, bL → −tL, itL → −ibL and tL → bL (leading to opposite T 3R charge). Then,
equations 6.1 and 6.2 hold similarly for the bottom partner.
These VLQs can be produced in pairs, model-independently, via QCD interactions
in pp collisions. (Contributions from heavy vector resonances could enhance this cross
section [58–61], but we will conservatively neglect them.) The corresponding cross section
drops sharply with M , and therefore searches for VLQs in this context are more suited
for future colliders than for the LHC [16]. QCD production of T ′ leads to tt + EmissT .
This signal is equivalent to that of pair-produced stops decaying to stable neutralinos in
SUSY. The reach of a future 100 TeV collider has been explored in Ref. [62]. By rescaling
the results with the VLQ production cross section, Ref. [16] has set bounds on the plane
(M,mη). In particular, for L = 1 ab
−1 and assuming BR (T ′ → ηt) = 1, resonances of
mass below M ∼ 9 TeV and mη ∼ 3 TeV can be excluded.
Nonetheless, the non-minimal structure of the model can be only established if, to-
gether with the process above, decays of the VLQs into κ are observed. No specific
searches for this channel have been developed for 100 TeV colliders. Besides, only limits
in a narrow range 100 GeV . mκ . 400 GeV have been obtained using LHC results for
κ → bb [63]; see Refs. [64–73] for studies of other exotic decays of VLQs. Thus, we will
provide dedicated searches for this case. We will focus on pp→ BB → κκbb.
There are a number of further reasons to concentrate mostly on this channel. First, if
the SO(6) singlet is the lightest resonance, the DM channel is absent, while decays into κ
will be in general present, providing the only insight into the composite structure of the
model. Second, if the sextuplet is the lightest one, then B′′ can decay mainly into κ b 3
as the coupling to the Higgs boson is suppressed by γ; see equation 6.2. In our model,
the requirement γ ≤ 1 makes the branching ratio BR(B → hb) of the SO(6) singlet
significantly larger than BR(B → κb). On the other hand, the exotic branching ratio is
already & 50% for γ . 0.4 in the case of the sextuplet. Third, after the decay of κ, this
channel gives rise to a very clean signature, allowing to reconstruct the masses of κ and
B relatively easily. Another benefit of this channel is that it can be useful for CHMs not
necessarily having DM, such as SO(6)/SO(5). In addition, our analysis is also sensitive
to pair-production of T , as demonstrated in following plots.
We will start by considering two decays of κκ, namely γγbb and bbbb. (These final states
have been proposed previously in studies of double Higgs production; see Refs. [74–84]).
In spite of the small branching ratio to two photons, BR (κ→ γγ) ∼ α2/(4piyf )2m2κ/v2
with yf the Yukawa coupling of the fermion in the loop, the γγbb final state combines the
3This conclusion differs from what was obtained in Ref. [57], under the assumption that the interactions
of the vector-like resonance to the right-handed top quark, cRTRid
i
µγ
µtR where d
i
µ ≡ −iTr[XiU†DµU ],
dominate over the interactions in equation 6.2. On the contrary, our results are applicable in the scenario
with cR  1.
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Figure 7: Normalized distributions of mrecκ1 (upper left), m
rec
κ2
(upper right), mrecB1 (bottom
left) and mrecB2 (bottom right) in the signal for M = 5 TeV and mκ = 300 GeV (solid red)
and in the SM background (dashed blue) in the analysis proposed for pp → BB → κκbb,
κκ → γγbb. Subsequent cuts are enforced to make the different variables lie within the
light red regions.
large branching fraction of k → bb and, at the same time, the low background and good
mass resolution of the photon channel. Assuming a universal value for cκ in equation
2.5, the final state with four bottom quarks has, in turn, the largest branching ratio for
mκ . 2mt. Multi-jet searches in the context of non-minimal DM have been also studied
in Ref. [85], aiming to probe multi-component dark sectors.
Finally, we will implement an analysis for κκ → µ+µ−µ+µ− which is intended to
complement the very weak bounds from DM detection experiments that we have obtained
for the leptophilic case.
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Figure 8: Normalized distributions of mrecκ1 (upper left), m
rec
κ2
(upper right), mrecB1 (bottom
left) and mrecB2 (bottom right) in the signal for M = 5 TeV and mκ = 300 GeV (solid red)
and in the SM background (dashed blue) in the analysis proposed for pp → BB → κκbb,
κκ→ bbbb.
6.1 Search for κκ→ γγbb
We generate signal and background events at
√
s = 100 TeV using MadGraph v5 [42].
Signal events are produced with no parton level cuts. For the background, we consider
the irreducible pp→ bbbbγγ, with pb1T > 500 GeV and pγT > 20 GeV, where b1 stands for the
leading pT b-quark. The cross section in this region of the parameter space is ∼ 0.006 pb.
Signal and background events are subsequently showered using Pythia v8 [43]. For the
data analysis, we use homemade routines based on ROOT v6 [86] and Fasjet v3 [87]. We
disregard detector effects.
At the reconstruction level, a lepton is considered isolated if the hadronic activity
within a cone of radius ∆R = 0.2 is smaller than 10% of its transverse momentum.
Likewise for the photons. We define jets using the anti-kt algorithm [88] with R = 0.4.
Isolated leptons and photons with pT < 20 GeV and |η| > 2.47 (leptons) or |η| > 2.5
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Figure 9: Normalized distributions of mrecκ1 (upper left), m
rec
κ2
(upper right), mrecB1 (bottom
left) and mrecB2 (bottom right) in the signal for a top partner with M = 5 TeV and mκ = 300
GeV (solid green) and in the SM background (dashed blue) in the analysis proposed for
pp→ BB → κκbb, κκ→ bbbb.
(photons) are not included in the clustering process. We require exactly two isolated
photons and at least four b-tagged jets with pT > 20 GeV. A jet is considered to be
b-tagged if the angular separation between itself and a bottom meson is ∆R < 0.2; the
tagging efficiency being fixed to 0.7. We also veto all events with a non-vanishing number
of isolated leptons.
We name by pκ1 the four-momentum of the two photon system, its invariant mass being
mrecκ1 . Likewise, the momentum of the hadronically decaying scalar, pκ2 , is considered to
be the sum of that of the two b-tagged jets with invariant mass closest to mrecκ1 . We
will denote its invariant mass by mrecκ2 . There is a two-fold ambiguity in assigning the
remaining two hardest b-jets to either κ1 or κ2 to form the two vector-like B quarks. In
order to solve it, we choose the combination that minimizes |mrecB1 −mrecB2 |, with mrecBi the
invariant mass of the corresponding three-particle system.
In figure 7, we show the normalized distributions of mrecκ1 , m
rec
κ2
, mrecB1 and m
rec
B2
in both
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Figure 10: Normalized distributions of mrecκ1 (upper left), m
rec
κ2
(upper right), mrecB1 (bottom
left) and mrecB2 (bottom right) in the signal for M = 5 TeV and mκ = 300 GeV (solid red)
and in the SM background (dashed blue) in the analysis proposed for pp → BB → κκbb,
κκ→ µ+µ−µ+µ−.
the signal and the background, for a benchmark point defined by M = 5 TeV, mκ = 300
GeV. The discriminating power of the observables is apparent. Thus, we select events
fulfilling |mrecκ1 − mκ| < 10 GeV, |mrecκ2 − mκ| < 100 GeV, |mrecB1 − mB| < 500 GeV,|mrecB2 −mB| < 500 GeV. We compute the efficiency for selecting signal and background
events for M (mκ) in the range [1, 2, ..., 9] TeV ([50, 100, ..., 400] GeV). Multiplying by the
VLQ production cross section (ranging from ∼ 16 to 8 × 10−5 pb), the scalar branching
ratios and the luminosity, we get the final number of signal s and background b events
after all cuts. For the selected mass windows, this analysis is basically background-free.
We make use of the CLs method [89] for the calculation of exclusion limits. The max-
imum number of signal events is obtained by using the TLimit class of ROOT, considering
a single bin analysis. (We use a linear interpolation of the CLs results to study the points
that we did not scan.) The signal points which can be probed at the 95% C.L. are shown
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Figure 11: Exclusion lines at 95% C.L. in the plane (M,mκ) for the first two analyses:
pp→ BB → κκbb, with κκ→ bbγγ (left) and κκ→ bbbb (right), assuming that the bottom
partner decays 100% into this final state. The results are presented for a future 100 TeV
collider running with collected luminosity L = 100 fb−1. The colored area enclosed by the
orange solid, green dashed, blue dashed and red dashed lines can be excluded assuming
BR(κ→ bb) = 1, 0.8, 0.4 and 0.1, respectively. We have set BR(κ→ γγ) = 10−3. In the
right panel, the dashed (dotted) and solid lines assume a systematic uncertainty of 20%
(50%) in the computation of the limits.
in the left panel of figure 11 for an integrated luminosity of L = 100 fb−1. The regions
enclosed by the solid orange line and the dashed green, blue and red lines can be probed
at a future 100 TeV collider assuming BR(κ→ bb) = 1 and 0.8, 0.4 and 0.1, respectively.
We have fixed BR(κ→ γγ) = 10−3.
6.2 Search for κκ→ bbbb
Signal events are again produced with no parton level cuts. For the background, we
consider pp → bbbb, with pb1T > 500 GeV. The extra two b-jets are found among the
products of the Pythia shower. Both pp → bbbb and pp → bbbbbb have very similar
distributions, validating the use of the former as the background sample4. This sample
is normalized to the cross section of the actual background as computed with MadGraph,
roughly ∼ 13 pb in this region of the parameter space.
We use the same lepton and jet definitions and isolation criteria as before. We require
no isolated leptons and at least six b-tagged jets. The b-tagged jets reconstructing the
two κ’s are those minimizing |mrecκ1 −mrecκ2 | among the four with smallest pT , where mrecκ
stands now for the invariant mass of two b-jets. Again, there is a two-fold ambiguity in
4We will further assume systematic uncertainties in the background, for the computation of the limits,
to infer the impact of this assumption.
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assigning the two hardest jets to any of the κ’s to form B1 and B2; it is solved in the same
way as before.
The normalized distributions of mrecκ1 , m
rec
κ2
, mrecB1 and m
rec
B2
in both the signal and the
background for the same benchmark point are shown in figure 8. In order to show that
the channel pp→ TT → κκtt is also captured by this analysis, we plot the corresponding
distributions in figure 9.
We require all events to have |mrecκ1 − mκ| < 100 GeV, |mrecκ2 − mκ| < 100 GeV,
|mrecB1 − mB| < 500 GeV, |mrecB2 − mB| < 500 GeV. (For the benchmark point, the top
partner signal efficiency is about 1/3 of the bottom partner signal efficiency.) Performing
a statistical analysis equivalent to the one used in the last section, we obtain the plot
in the right panel of figure 11. The dashed (dotted) lines are obtained for a systematic
uncertainty of 20% (50%) in the number of background events after all cuts. Given that
the analysis is nearly background-free for M & 3 TeV, the latter has a minor impact in
the results.
6.3 Search for κκ→ µ+µ−µ+µ−
Parton level cuts are only applied for the irreducible background, pp → bbµ+µ−µ+µ−,
with pb1T > 500 GeV. The corresponding cross section is ∼ 10−5 pb. We use the same
lepton and jet definitions and isolation criteria as before. We require no isolated electrons,
two pairs of muons with opposite charge and exactly two b-tagged jets.
The muon pairs reconstructing the two κ’s are those minimizing |mrecκ1 −mrecκ2 |, where
mrecκ stands for the invariant mass of two oppositely charged muons. To decide which b-jet
is assigned to each κ, we choose again the combination that gives the minimum difference
between the reconstructed heavy quark masses.
The normalized mass distributions in both the signal and the background are plotted
in figure 10 for the benchmark point considered in the previous sections. We require all
events to have |mrecκ1 −mκ| < 20 GeV, |mrecκ2 −mκ| < 20 GeV, |mrecB1 −mB| < 500 GeV,|mrecB2 −mB| < 500 GeV. After this last cut, the analysis becomes essentially background-
free. For different VLQ masses, the signal efficiency is nearly constant (s ≈ 0.1 − 0.2);
therefore, the exclusion lines in the (M,mκ) plane are close to vertical. All masses up to
M ∼ 5 (8) TeV are excluded at 95% C.L. for BR(κ→ µ+µ−) = 0.1 (0.4), at a future 100
TeV collider with integrated luminosity L = 1 ab−1.
7 Conclusions
DM from CHMs has become an extensive topic of research in recent years. Besides the
minimal model, delivering only one stable scalar besides the Higgs boson, different non-
minimal constructions have been discussed to which DM constraints apply differently.
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Previous works have assumed that the DM is the lightest particle in the spectrum, so
that the extra degrees of freedom are decoupled from its phenomenology. This assumption
does not always hold, and strong constraints from DM experiments can actually be evaded
efficiently in such case.
We have studied this setup in the next-to-minimal anomalous-free SO(7)/SO(6) CHM,
where an extra singlet (κ) besides DM (η) arises in the pNGB spectrum, opening a new
annihilation channel for DM. We have confronted two cases, justified by the different
embeddings of the SM quarks: one in which the DM coupling to the Higgs boson at zero
momentum is sizable while the zero-momentum coupling to the extra scalar is absent
(RegI); and a second one where this hierarchy is inverted (RegII).
We have studied the phenomenology of both regimes, for 100 ≤ mη < 1500 GeV and
mκ ≤ mη. In RegI, the annihilation fraction to the new scalar is sizable (& 30%) in a
wide range of the parameter space. This is due to the partial cancellation in the SM
annihilation channel between the scalar portal coupling and new derivative interactions
originating from the new physics sector. In this regime, we also find that the relic density
constraint excludes confining scales f & 3.3 TeV, keeping the model natural. While a
wide region of the parameter space is unconstrained by XENON1T, this regime can be
entirely probed by the future LZ experiment. On the other hand, in RegII, the scalar
contributions for the nucleon–DM cross section are suppressed by loop factors. Therefore,
this regime evades all current and future direct detection constraints.
To further test the model, we have studied the constraints from indirect detection
searches. We have derived new gamma-ray bounds resulting from dedicated simulations
of the exotic DM annihilation into κκ, relying on the Fermi-LAT likelihoods released by
the collaboration. In particular, the decay channels into light leptons are very weakly
constrained. Even if future experiments strengthen these bounds by an order of magni-
tude, a thermal relic with mass mη ≈ 200 GeV that decays mainly into a muonphilic κ
will still be unconstrained while accounting for all the observed DM (in RegII).
Finally, we have developed dedicated collider analyses to complement the DM probes.
We presented novel strategies to search for pair produced third generation vector-like
quarks that decay to their SM partner and the extra singlet. This channel allows us to
test both the compositeness and non-minimality of the model and it is generally present,
whereas the DM channel is not. We focused on three decays of the κ-particle, leading to
bbγγ, bbbb and 2µ+2µ− final states. From the first two analyses, we conclude that VLQ
masses as large as M ∼ 3 and 6 TeV, respectively, can be tested at a future 100 TeV
collider with collected luminosity L = 100 fb−1. Performing the third analysis, we can
probe masses up to mκ ∼ 400 GeV, M ∼ 9 TeV with L = 1 ab−1, provided that κ decays
mainly to muons. These searches can be our only insight into the model in regimes that
escape all constraints from the DM experiments, even at future facilities.
Altogether, notwithstanding the growing efforts in building alternative models of DM,
our study indicates that thermal WIMPs can be viable candidates in non-minimal — but
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still natural — composite Higgs scenarios.
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